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Introduction {#sec005}
============

The liver plays an important role in metabolism and is involved in plasma protein synthesis, hormone production, detoxification, glycogen storage, decomposition of red blood cells, and other activities. It regulates biochemical reactions, including the synthesis and degradation of small and complex molecules that are essential for normal vital functions \[[@pone.0138655.ref001]\]. The liver mass is composed of 80% parenchymal cells (hepatocytes) and 20% non-parenchymal liver cells (NPC) \[[@pone.0138655.ref002]\]. Hepatocytes are metabolically active cells that execute such functions as glucose homeostasis, bilirubin excretion, protein synthesis, and secretion of major plasma proteins \[[@pone.0138655.ref003]\]. NPC are composed of Kupffer cells (KC), liver sinusoidal endothelial cells (LSEC), hepatic stellate cells (HSC), and rare cell types i.e. Pit cells \[[@pone.0138655.ref004], [@pone.0138655.ref005]\].

KC are the resident macrophage population within the lumen of sinusoids \[[@pone.0138655.ref006]\] and compose more than 80% of all tissue macrophages in the body \[[@pone.0138655.ref007], [@pone.0138655.ref008]\]. They control processes such as liver inflammation, hepatotoxicity, and injury \[[@pone.0138655.ref009]\]. Because of their localization and phagocytic activity, KC remove microorganisms, endotoxins, degenerated cells, immune complexes, and toxic agents from the blood \[[@pone.0138655.ref007], [@pone.0138655.ref010], [@pone.0138655.ref011]\]. LSEC line the sinusoidal wall and facilitate the exchange of fluids, solutes and particles between the liver sinusoidal blood and the space of Disse by dynamic filters, called fenestrae \[[@pone.0138655.ref012]\]. In addition, LSEC exhibit high endocytic capability and eliminate numerous substances from the blood by receptor-mediated endocytosis \[[@pone.0138655.ref013]\]. HSC reside in the subendothelial space \[[@pone.0138655.ref014]\] and were first described by Carl von Kupffer in 1876 as star-shaped cells that react to gold chloride \[[@pone.0138655.ref015]\]. In the healthy liver, stellate cells are the main cells responsible for the transport and storage of vitamin A in the body \[[@pone.0138655.ref014]\]. In diseased livers, HSC synthesize a large amount of extracellular matrix (ECM) proteins to stabilize the liver architecture, thereby promoting the process of liver fibrosis \[[@pone.0138655.ref016], [@pone.0138655.ref017]\]. Both hepatocytes and NPC seem to contribute to the induction of liver tolerance by their ability to sense pathogenic structures; they also contribute to immune regulation by functioning as antigen-presenting cells \[[@pone.0138655.ref018]\].

Isolating and culturing primary human hepatocytes (PHH) and NPC are essential for various purposes, such as the study of liver physiology and pathophysiology \[[@pone.0138655.ref019]\] and the study of hepatotoxicity \[[@pone.0138655.ref020]\]. Isolating human liver cells requires advanced experience with cell cultures and close cooperation with the surgical department; however, the quality of isolated cells depends on the condition of the donor tissue \[[@pone.0138655.ref021]\]. In 1972, Seglen *et al*. achieved an important advance by introducing the two-step perfusion technique for isolating rat liver cells \[[@pone.0138655.ref022]\]. Currently, diverse methods are available for isolating and cultivating single cell types (hepatocytes or NPC) from liver specimens \[[@pone.0138655.ref023]--[@pone.0138655.ref026]\].

When human liver cells are used, comparative studies profit from the use of cells isolated from liver tissues from the same patient. A recent study described the isolation of PHH and NPC from a single human liver specimen \[[@pone.0138655.ref027]\]. However, the purity of these various liver cells seems to be insufficient for detailed analyses and comparisons of cell type-specific and disease-related topics. Here, we describe an all-in-one preparation technique for obtaining functionally active PHH, KC, LSEC, and HSC of high purity and quality. This technique seems to be a beneficial tool for investigating liver function.

Materials and Methods {#sec006}
=====================

Liver tissues {#sec007}
-------------

The liver specimens (25-100g) were obtained from fresh tumor resections (n = 20). All patients provided written documentation of informed consent. The study conforms to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Institutional Review Board (Ethics Committee) of the medical faculty at the University Duisburg-Essen.

Isolation of PHH {#sec008}
----------------

PHH and NPC were prepared from a single human liver specimen, as schematically illustrated in [Fig 1](#pone.0138655.g001){ref-type="fig"}. Liver cells were prepared under a biosafety hood according to a modified two-step perfusion technique described by Seglen \[[@pone.0138655.ref022]\]. In detail, the liver specimens were placed in a petri dish (14.5cm in diameter), and a cannula was positioned in an accessible hepatic vessel. The cannula was fixed, and remaining vessels were sealed with Histoacryl (Braun, Melsungen, Germany). The liver tissues were rinsed with perfusion solution (Ca^2+^- and Mg^2+^-free Hank's balanced salt solution supplemented with 0.02mg/ml gentamycin and 20mM HEPES) pre-warmed to 37°C for 10 to 20min at a flow rate of 30 to 40ml/min. After nearly all blood had been flushed out, the livers were equilibrated with perfusion solution containing 0.5mM ethylene glycol tetraacetic acid (EGTA) for 10 to 20min in a recirculation approach. Collagenase type IV \[0.6mg/ml\] from *Clostridium histolyticum* (Sigma, Seelze, Germany) was dissolved in perfusion solution containing 5mM CaCl~2~ (Sigma), and the solution was sterilized through 0.45μm membrane filters (Pall Medical, Moeglingen, Germany). The duration of collagenase perfusion depended on tissue size and quality but did not exceed 20min. The obtained cell suspension was filtered through a 230μm-meshed cell strainer. PHH were then separated from NPC by low-speed centrifugation at gradually increasing rates (30×g, 40×g, and 50×g, for 10min). The cell pellets were resuspended in perfusion solution, whereas the supernatants were collected for the preparation of NPC, as described below. PHH were seeded into plates coated with collagen-I (BD Biosciences, Heidelberg, Germany) at a density of 1.25 to 2.5×10^5^ viable cells per cm^2^ by using Dulbecco's modified Eagle's medium (DMEM)/Ham's F-12 (Biochrome, Berlin, Germany) supplemented with 10% fetal bovine serum (FBS; PAA, Pasching, Austria), 100U/ml penicillin (PAA), 0.1mg/ml streptomycin (PAA), and 2mM L-glutamine (Invitrogen, Darmstadt, Germany). Cells were incubated at 37°C under 5% CO~2~ atmosphere (standard conditions) and were manually shaken every 10min. The medium was changed to remove non-adhered cells 30 to 45min after seeding. The culture medium was replaced daily.

![Preparation scheme for the isolation of primary liver cells.\
Liver cell suspensions were obtained by digesting liver tissues using collagenase two-step perfusion. PHH were pelleted by low-speed centrifugation at 30×g, 40×g and 50×g for 10min at RT. Supernatants containing NPC fraction were collected separately for later separation. PHH pellets were resuspended and seeded into dishes coated with collagen-I. Dishes were shaken every 10min and washed after 30-60min of incubation at 37°C and 5% CO~2~ atmosphere **(Step 1)**. NPC fraction was used to isolate and purify KC, LSEC, and HSC. The NPC suspension was pelleted and used for density gradient centrifugation (1400×g, 21min, 4°C) to separate KC and LSEC (lower layer) from the HSC (upper layer) fraction. HSC were seeded into a plastic culture flask. KC were purified by CD14^+^ MicroBeads followed by MACS. The flow through was collected for LSEC separation. CD14^+^ KC were eluted in culture medium and seeded into plastic culture plates. The medium was changed 30min after incubation (37°C and 5% CO~2~), to enhance the purity of KC by selective adherence. LSEC, which were present in the flow through, were labeled with CD146^+^ MicroBeads and MACS process was performed. Purified LSEC were seeded in collagen I-coated culture dishes **(Step2)**.](pone.0138655.g001){#pone.0138655.g001}

Isolation of NPC {#sec009}
----------------

The NPC-containing cell suspension, collected during the PHH isolation process, was further used to isolate KC, LSEC, and HSC. Remaining PHH were removed from the NPC suspension by additional low-speed centrifugation (50×g, 2min, 4°C). The NPC-containing supernatants were collected. The cell suspension was pelleted by centrifugation (800×g, 10min, 4°C) and resuspended in Gey\'s balanced salt solution (GBSS) and iodixanol (OptiPrep, Axis-Shield, Oslo, Norway) to a final concentration of 12.6%. Afterwards, 5ml of the indicated suspension was placed in a 15ml polystyrene conical centrifuge tube (BD Biosciences) and overlaid with 5ml of a 9% iodixanol/GBSS solution followed by 2ml GBSS. After centrifugation at 1,400×g for 21min at 4°C with decreased acceleration and without breaks, the various cell-types were arranged according to their density. HSC were enriched in an upper cell layer, whereas KC and LSEC were separated as a second layer of higher density. Cell fractions were collected separately by pipetting. The KC/LSEC fraction was pelleted and KC were labeled with CD14^+^ MicroBeads (MiltenyiBiotec, Teterow, Germany) according to the manufacturer's instructions. Cells were applied onto LS magnetic-activated cell sorting (MACS) columns (MiltenyiBiotec), which were placed within the magnetic field of a MACS separator and washed 3 times with MACS buffer (MiltenyiBiotec). CD14^+^ KC were eluted from the column by using 5ml DMEM supplemented with 10% FBS, 100U/ml penicillin, 0.1mg/ml streptomycin, and 2mM L-glutamine (KC culture medium). Viable KC were counted and seeded onto plastic culture plates at a density of 4 to 6×10^5^ cells per cm^2^ using indicated KC culture medium. Plates were gently washed 30min after seeding and were then incubated at 37°C and 5% CO~2~. The flow-through collected during KC separation was used to isolate LSEC. The LSEC were purified with a comparable MACS-based procedure using CD146^+^ MicroBeads. Cells were eluted in Endothelial Growth Medium 2 (PromoCell, Heidelberg, Germany) containing provided supplements, 100U/ml penicillin, and 0.1mg/ml streptomycin and were then seeded into culture dishes coated with collagen-I. After reaching 80% to 90% confluence, cells were detached by trypsin (PAA) and were propagated in culture plates coated with collagen-I. The HSC fraction, obtained by density gradient centrifugation, was seeded into an uncoated plastic culture flask with Stellate Cell Medium (ScienCell, Carlsbad, CA, USA) supplemented with supplied 10% FBS, 1% stellate cell growth supplement, 100U/ml penicillin, and 0.1mg/ml streptomycin. Once a confluence of 90% had been reached, cells were detached by trypsin and seeded onto culture plates using DMEM supplemented with 10% FBS, 100U/ml penicillin, 0.1mg/ml streptomycin, and 2mM L-glutamine.

Identification of cell populations by immunofluorescence staining {#sec010}
-----------------------------------------------------------------

Morphological characteristics were determined by phase contrast images acquired with an EVOS^TM^ XL Core Imaging System (AMG, Bothell, WA, USA). Cells were fixed with --20°C methanol/acetone (1:2) for 10min at 4°C and were washed with phosphate buffered saline (PBS). For intracellular staining, cells were permeabilized with 0.3% Triton X-100 in PBS for 30min, washed with PBS, and subsequently blocked with 2% bovine serum albumin in PBS for 1h. The cells were then incubated overnight at 4°C with a primary monoclonal mouse anti-albumin antibody (clone 188835, 1:1,000 dilution; R&D, Wiesbaden, Germany), a primary polyclonal rabbit anti-human CYGB antibody (1:500 dilution; Thermo Scientific, Bonn, Germany), a primary monoclonal anti-α-SMA antibody (clone 1A4, 1:700, Sigma), a directly coupled monoclonal mouse anti-human CD68-allophycocyanin (APC, clone Y1/82A; MiltenyiBiotec), a monoclonal mouse IgG2b-APC isotype control (clone IS6-11E5.11, 1:300 dilution; Sigma). After being washed with PBS, cells intended for staining with albumin were incubated for 3h at 4°C with a 1:1,000 dilution of secondary rat anti-mouse immunoglobulin (Ig) 2a (clone m2a-15F8) conjugated to phycoerythrin (PE; eBioscience, Frankfurt, Germany). Cells intended for staining with α-SMA and CYGB were incubated 3h at 4°C with a secondary polyclonal goat anti-mouse IgG coupled to DyLight594 (1:3000 dilution, Thermo Scientific) and a donkey anti-rabbit IgG coupled to DyLight488 (1:3000 dilution, Thermo Scientific). Negative control was accomplished by omitting the primary antibody. For the staining of extracellular markers, unspecific binding of antibodies was blocked with 1% FcR blocking reagent (MiltenyiBiotec) dissolved in PBS for 30min. Cells were incubated overnight at 4°C with the following directly fluorophore-conjugated monoclonal antibodies against discriminative cell markers or the respective isotype control (dilution of 1:200 in blocking solution): Mouse CD146-PE (clone 541-10B2; MiltenyiBiotec), mouse IgG~1~-PE (IS5-21F5; MiltenyiBiotec), mouse α-smooth muscle actin fluorescein isothiocyanate (SMA-FITC, clone 1A4; Sigma), or mouse IgG2a-FITC (clone UPC-10; Sigma). After incubation with antibodies for intracellular and extracellular staining, cells were washed with PBS and counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). Slides were mounted in Fluoromount-G (eBioscience). Immunofluorescence staining was detected with a laser scanning microscope (LSM; Axiovert 100M; Zeiss, Jena, Germany) at 20× magnification. Image analysis was performed with LSM Image Browser (Zeiss).

RNA isolation and one-step reverse transcription-quantitative real-time polymerase chain reaction {#sec011}
-------------------------------------------------------------------------------------------------

Total RNA was extracted from cultured cells with QIAzol Lysis Reagent (Qiagen, Hilden, Germany) and the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocols and RNA analysis was performed considering MIQE guidelines \[[@pone.0138655.ref028]\]. One-step reverse transcription-quantitative real-time polymerase chain reaction (RT-qPCR) was performed using QuantiFast SYBR Green PCR Kit (Qiagen). RNA quality was determined by Experion™ system (BioRad) and revealed an RNA quality indicator of 9--10. Amounts of 100-200ng RNA were used for RT-qPCR which reached a PCR efficiency of 88.3%. For gene expression of human *ACTB*, forward primer `5´-TCCCTGGAGAAGAGCTACGA-3´` and reverse primer `5´-AGCAATGTGTTGGCGTACAG-3´` were used. Expression levels of apolipoprotein B (*APOB*), asialoglycoprotein receptor 1 (*ASGR1*), *CYP3A4* (cytochrome P450, family 3, subfamily A, polypeptide 4), *CD163*, *CD14*, platelet/endothelial cell adhesion molecule 1 (*PECAM1*), von Willebrand factor (*VWF*), lymphatic vessel endothelial hyaluronan receptor 1 (*LYVE-1*), stabilin-1 (*STAB1)*, *STAB2* and *FCGR2B* (Fc fragment of IgG, low affinity IIb, receptor (CD32)), vinculin (*VCL*), desmin (*DES*), cytoglobin (*CYGB*), collagen type I alpha 1 (*COL1A1*) and lysyl oxidase-like 2 (*LOXL2*) were determined with commercially available primer sets (QuantiTec Primer Assay, Qiagen). Calculated copy numbers were normalized to *ACTB* and mean ± standard error of the mean (SEM) was determined. The expression of cell markers in the reference cell type was defined as 100%. The expression of these markers in the other cell types is expressed as fold change in %.

Cytochrome P450 activity {#sec012}
------------------------

PHH were seeded into 96-well plates and cultured for 1d. P450-Glo CYP3A4 Assay from Promega (Madison, WI, USA) was used for a non-lytic reaction according to the manufacturer's protocol (n = 3) to assess CYP3A4 activity in PHH. Cells were stimulated with the CYP3A4 inducer dexamethasone \[[@pone.0138655.ref029]\] for 6-48h. Stimulation with the solvent ethanol (ETOH, 2% (v/v)) was performed as negative control. After incubation, PHH were exposed to 3μM Luciferin-IPA, here 2% (v/v) Dimethyl sulfoxide (DMSO) was added as an inhibitory control. Luminescence was detected after 1h of incubation by using the FLUOstar Omega from BMG LABTECH (Ortenberg, Germany). Mean relative luminescence signals were determined and net signals were calculated by subtracting the background luminescence signal (no cell control).

Phagocytic activity {#sec013}
-------------------

KC were incubated with 1μm amine-modified, yellow-green fluorescent (λ~ex~ = 470nm, λ~em~ = 540nm) latex beads (Sigma) at a dilution of 1:5,000 in DMEM supplemented with 10% FBS, 100U/ml penicillin, 0.1mg/ml streptomycin, and 2mM L-glutamine for 24h (n = 4). Cells were washed with PBS and fixed with --20°C methanol/acetone (1:2, 10min, 4°C). In addition, KC were stained for the marker CD68 as described above. Slides were mounted in Fluoromount-G. Images were captured with an LSM Axiovert 100M at 40× magnification. Images were analyzed and signal intensity was quantified using ImageJ software (<http://imagej.nih.gov/ij>).

Uptake of acetylated low-density lipoprotein {#sec014}
--------------------------------------------

LSEC were incubated with 5μg/ml acetylated low-density lipoprotein (AcLDL) conjugated to Alexa488 (Invitrogen) in culture medium for 1h (n = 4). Cells were washed with PBS and fixed with --20°C methanol/acetone (1:2, 10min, 4°C). Slides were mounted in Fluoromount-G. In addition, LSEC were stained for the surface marker CD146 as described above. An LSM Axiovert 100M was used at 40× magnification for imaging. Images were analyzed and signal intensity was quantified using ImageJ software.

Detection of autofluorescence {#sec015}
-----------------------------

HSC were seeded onto culture slides using DMEM supplemented with 10% FBS, 100U/ml penicillin, 0.1mg/ml streptomycin, and 2mM L-glutamine. After reaching 80% confluence, cells were washed with PBS and mounted with Fluoromount-G. Slides were directly used for detecting autofluorescent signals with a Leica TCS SP8 microscope with full-power ultraviolet (UV, 405nm) laser settings at 40× magnification (n = 4).

Statistical analysis {#sec016}
--------------------

Immunofluorescence staining of cell type---specific markers was performed in 5 independent experiments. For quantitative analysis, DAPI-stained, marker-positive, and marker-negative cells were counted in 10 independent images per cell type at 20× magnification. Cell numbers and purities are given as mean±SEM. The RNA expression of cell markers was determined in 5 independent experiments. These data are given in copy numbers as mean±SEM normalized to 100,000 copies of the reference gene *ACTB*. Differences between two groups were determined by Wilcoxon test, p\<0.05 was considered to be statistically significant.

Results {#sec017}
=======

Yields and purities of cultured primary liver cells {#sec018}
---------------------------------------------------

PHH and NPC composed of KC, LSEC, and HSC were isolated from fresh human liver resections. After liver cells had been isolated and purified, the yield of viable cells was determined (n = 10). The weight of liver tissues varied (25-100g) and led to cell yields of 2.0±0.4×10^7^ PHH, 1.8±0.5×10^6^ KC, 4.3±1.9×10^5^ LSEC, and 3.2±0.5×10^5^ HSC per gram liver tissue. After isolated cells had been plated, cell types were initially assessed for their unique morphology. Discriminative cell markers, which are specifically present in the respective cell type, could be determined at the protein level when examined by immunofluorescent staining (n = 5). For quantifying the purity of the various cell populations total cells (DAPI-stained), marker-positive cells, and marker-negative cells were counted in 10 independent images per cell type of 5 independent cell preparations ([Table 1](#pone.0138655.t001){ref-type="table"}).

10.1371/journal.pone.0138655.t001

###### Quantitative analysis of the purities of cultured cell populations.

![](pone.0138655.t001){#pone.0138655.t001g}

  Cell population   Cell marker   Number of marker-positive cells   Number of marker-negative cells   Purity
  ----------------- ------------- --------------------------------- --------------------------------- -----------
  PHH (n = 5)       Albumin       529.4±192.2                       21.2±6.0                          95.5±1.7%
  KC (n = 5)        CD68          299.0±106.4                       17.8±5.3                          94.5±1.2%
  LSEC (n = 5)      CD146         489.6±86.3                        10.2±5.0                          97.8±1.1%
  HSC (n = 5)       α-SMA         281.4±72.2                        9.8±4.8                           97.1±1.5%

Abbreviations: Primary human hepatocytes (PHH); Kupffer cells (KC); Liver sinusoidal endothelial cells (LSEC); Hepatic stellate cells (HSC); Cluster of differentiation (CD); α-smooth muscle actin (α-SMA); Standard error of mean (SEM).

Characteristics of isolated PHH {#sec019}
-------------------------------

Cultured PHH, isolated from liver tissues using the two-step perfusion technique, exhibited the hepatocyte-related binucleated polygonal shape ([Fig 2A](#pone.0138655.g002){ref-type="fig"}), as assessed by phase contrast microscopy. Furthermore, PHH could be cultured for 10 days after isolation when the medium was supplemented with DMSO (2%) and epidermal growth factor (25ng/ml) upon day two of culture ([S1 Fig](#pone.0138655.s001){ref-type="supplementary-material"}). Hepatocytes were stained for the hepatocyte marker albumin. Imaging revealed a strong expression of albumin ([Fig 2B](#pone.0138655.g002){ref-type="fig"}) in 95.5±1.7% of cultured cells ([Table 1](#pone.0138655.t001){ref-type="table"}). Furthermore, albumin staining was specific for hepatocytes and was not detectable in NPC populations ([S2 Fig](#pone.0138655.s002){ref-type="supplementary-material"}). In addition, RNA was extracted from cultured hepatocytes at day 2 after isolation and used for RT-qPCR. The hepatocyte-specific markers *APOB* (29,847.4±5,968.2) and *ASGR1* (1,687.8±292.7) \[[@pone.0138655.ref030]--[@pone.0138655.ref034]\] were expressed at a high mRNA level ([Fig 2C](#pone.0138655.g002){ref-type="fig"}), a finding underlining the identity of hepatocytes.

![Identification of PHH and NPC.\
Cell morphology was examined by phase contrast microscopy using an EVOS^TM^ XL Core Imaging System (AMG). Isolated cell populations were identified by immunofluorescence staining of cell type---specific markers (n = 5). Nuclei were counterstained with DAPI (blue). Scale bar, 50μm. In addition, RNA was extracted from liver cells (n = 10) and gene expression of cell type-specific markers was determined by RT-qPCR. Copy numbers were normalized to the reference gene *ACTB*. The expression of cell markers in the reference cell type was defined as 100% (e.g. APOB in PHH). The expression of these markers in the other cell types is expressed as fold change in %. PHH exhibited a binucleated, polygonal shape (A) and strongly expressed albumin (B, red). In addition, PHH showed *APOB* and *ASGR1* gene expression (C). KC exhibited an irregular morphology (D) and expressed CD68 on protein level (E, red). Furthermore KC showed *CD163* and *CD14* gene expression (F). LSEC formed their unique morphology (G) and were identified by staining of CD146 (H, red). LSEC expressed the markers *PECAM1*, *VWF* and *LYVE-1* (I). HSC changed into myofibroblast-like cells (J) and were identified with anti-α-SMA antibody (K, green). Moreover, HSC were characterized by the gene expression of the markers *VCL*, *DES* and *CYGB* (L).](pone.0138655.g002){#pone.0138655.g002}

It is known that CYP3A4, which plays a crucial role in the oxidation of both xenobiotic and endogenous compounds, is expressed by hepatocytes \[[@pone.0138655.ref035]\]. Therefore, the physiological functionality of cultured hepatocytes was assessed by measuring the activity of the enzyme CYP3A4. To analyze the induction of CYP3A4 gene expression PHH were treated with 25μM dexamethasone for 6-48h and RNA was extracted (n = 3). CYP3A4 gene expression was assessed by RT-qPCR. CYP3A4 expression was significantly induced after stimulation with dexamethasone for 24h (p\<0.022) and 48h (p = 0.011) compared to the control ([S3 Fig](#pone.0138655.s003){ref-type="supplementary-material"}). Moreover, dexamethasone-stimulated and unstimulated PHH were incubated with the CYP3A4 substrate and the CYP3A4 inhibitor DMSO for 1h, and enzyme activity was determined by measuring the generated luminescence (n = 3). CYP3A4 enzyme activity was induced in a time-dependent manner after 24h (p = 0.0358) and 48h (p = 0.0152) and was inhibited in the presence of DMSO ([Fig 3A](#pone.0138655.g003){ref-type="fig"}). Furthermore, CYP3A4 staining by immunocytochemistry (n = 3) revealed a heterogeneous distribution of CYP3A4 in PHH 24h after isolation ([Fig 3A](#pone.0138655.g003){ref-type="fig"}). In summary, the strong albumin production, together with the activity and inducibility of CYP3A4 in hepatocytes demonstrates the intact functionality of PHH in this early phase of culture.

![Functional activity of cultured cells.\
In PHH activity of CYP3A4 was determined after stimulation with 25μM dexamethasone for 6-48h. In addition CYP3A4 was inhibited by treatment with 2% DMSO. Cells were treated with ETOH or DMSO as negative controls. Relative light units (RLU) are given as mean±SEM (n = 3). Furthermore, CYP3A4 and albumin fluorescence imaging revealed a heterogeneous pattern of cultured PHH (A). KC exhibited strong phagocytic activity by the uptake of 1μm fluorescent latex beads (green) in a time-dependent manner (B). LSEC exhibited efficient endocytic capability, shown by the efficient incorporation of AcLDL (green) after 1h of incubation which was metabolized after incubation for 6h (C). HSC, cultured for a short time, were visualized by retinol (vitamin A) autofluorescence signals. Brightness reinforcement (BrightR) detection mode was used to amplify dim structures and make them accessible. To distinguish HSC from myofibroblasts, CYGB (green) and α-SMA (red) were fluorescently stained in the HSC population. Nuclei were stained with DAPI (blue). Images were taken at 40× magnification. Scale bar, 50μm. Furthermore, RNA was extracted from freshly isolated (uncultured) HSC and HSC cultured for 10 days (n = 6). Gene expression of *ACTA2*, *COL1A1* and *LOXL2* was determined by RT-qPCR. Data represent mean of copy numbers (mean±SEM) normalized to the reference gene *ACTB* (D). Asterisks indicate significant results (\* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001).](pone.0138655.g003){#pone.0138655.g003}

Characteristics of isolated human KC {#sec020}
------------------------------------

Primary KC, prepared from liver cell suspensions by density gradient centrifugation and MACS, were cultured for 5--7 days until they formed their typical irregular morphology of both the elongated (stretched) and the oval shape and a bean-shaped nucleus \[[@pone.0138655.ref002], [@pone.0138655.ref006]\] ([Fig 2D](#pone.0138655.g002){ref-type="fig"}). Cultured KC were stained for the marker CD68. Fluorescence imaging revealed that 94.5±1.2% of the KC were CD68^+^ ([Fig 2E](#pone.0138655.g002){ref-type="fig"}, [Table 1](#pone.0138655.t001){ref-type="table"}). Furthermore, CD68 protein expression was not detectable in PHH, LSEC and HSC populations ([S2 Fig](#pone.0138655.s002){ref-type="supplementary-material"}). In addition, after 5--7 days in culture total RNA was extracted from KC for determining the expression of known macrophage markers by RT-qPCR. The gene expression levels of *CD163* (3,502.6±1,003.0) and *CD14* (1,572.8±211.6) confirmed the identity of the cultured KC population ([Fig 2F](#pone.0138655.g002){ref-type="fig"}).

By their nature as macrophages, KC phagocytize particles of 200nm or more in diameter \[[@pone.0138655.ref025]\]. Therefore, KC were incubated with 1μm fluorophore-labeled, amine-modified polystyrene latex beads for 1h, 6h and 24h. Imaging data showed that incorporation of latex beads increased in KC over time ([Fig 3B](#pone.0138655.g003){ref-type="fig"}) and thus exhibited strong phagocytic activity *in vitro*. As a control LSEC were incubated with latex beads for 6-24h as well and were additionally stained for CD146. After imaging, the uptake of fluorophore-labeled latex beads was quantified in KC and LSEC in at least 5 images per cell type and incubation time. In comparison to LSEC, KC showed 5.8±0.4 (p\<0.003) and 9.3±0.6 (p\<0.002) fold higher latex bead-mediated fluorescence after 6h and 24h, respectively ([S4 Fig](#pone.0138655.s004){ref-type="supplementary-material"}).

Characteristics of isolated human LSEC {#sec021}
--------------------------------------

The LSEC fractions, purified by labelling with CD146^+^ MicroBeads and MACS, were seeded into collagen-I-coated dishes and exhibited proliferative activity when resuspended in growth medium and seeded at sufficient density of \>1×10^6^ cells per cm^2^. After reaching 80% to 90% confluence, approximately at day 4 after isolation, cells were detached by trypsin and were propagated in culture plates coated with collagen-I. The confluent LSEC monolayer was formed approximately at day 8 after isolation and cells exhibited the phenotypically endothelial-specific morphology ([Fig 2G](#pone.0138655.g002){ref-type="fig"}) \[[@pone.0138655.ref036], [@pone.0138655.ref037]\]. For identification of the cell population, cells were stained for CD146 and analyzed by fluorescence microscopy (n = 5) or flow cytometry (n = 3) ([Fig 2H](#pone.0138655.g002){ref-type="fig"}). CD146^+^ and CD146^−^ cells were counted in 10 independent images of 5 independent experiments. Direct immunofluorescence staining indicated a purity of 97.8±1.1% CD146^+^ LSEC ([Table 1](#pone.0138655.t001){ref-type="table"}). Flow cytometry detected 93.5±2.6% CD146^+^ LSEC ([S5 Fig](#pone.0138655.s005){ref-type="supplementary-material"}). Furthermore, CD146 protein expression was not detectable in PHH, KC and HSC populations ([S2 Fig](#pone.0138655.s002){ref-type="supplementary-material"}). Moreover, total RNA was extracted at day 8 after isolation and LSEC identity was confirmed by the mRNA expression of known endothelial-specific markers \[[@pone.0138655.ref019]\]. Expression analysis showed that LSEC highly expressed *PECAM1* (18,656.3±4,766.7), *VWF* (6,073.2±1,093.4) and *LYVE-1* (1,430.0±400.6) ([Fig 2I](#pone.0138655.g002){ref-type="fig"}). However, gene expression of well-known LSEC markers like *STAB1*, *STAB2* and *FCGR2B* only reached marginal expression levels in the LSEC populations described here (data not shown). Therefore, we concluded that these markers were insufficient for a proper discrimination of primary isolated liver cell populations prepared with our method.

Because LSEC are known to preferentially eliminate soluble macromolecules of 200nm in diameter or lower by endocytosis \[[@pone.0138655.ref038]\], the functional activity of cultured LSEC was evaluated by the uptake of AcLDL *in vitro*. Therefore, LSEC were treated with 5μg/ml AcLDL for 1h, 6h and 24h. Afterwards cells were stained for CD146. Fluorescence imaging showed that cultured LSEC possessed a high ability to endocytose AcLDL after 1h in culture, a functional hallmark of LSEC. Importantly, the fluorescent signal of AcLDL decreased after 6h of incubation, indicating the metabolization of AcLDL by LSEC ([Fig 3C](#pone.0138655.g003){ref-type="fig"}). As a control KC were incubated with AcLDL for 1h to 6h as well and were additionally stained for CD68. After imaging, the uptake of fluorophore-labeled AcLDL was quantified in KC and LSEC in at least 5 images per cell type and incubation time. In comparison to KC, LSEC showed 11.1±2.9 (p\<0.001) and 4.5±1.1 (p\<0.001) fold higher AcLDL-mediated fluorescence after 1h and 6h, respectively ([S6 Fig](#pone.0138655.s006){ref-type="supplementary-material"}).

Characteristics of isolated human HSC {#sec022}
-------------------------------------

The complete yield of HSC, separated from NPC suspension by density gradient centrifugation, was seeded into a 75cm^2^ plastic culture flask using stellate cell growth medium. Once 90% confluence was reached, cells were detached by trypsin and seeded into plastic dishes using DMEM supplemented with 10% FBS, 100U/ml penicillin, 0.1mg/ml streptomycin, and 2mM L-glutamine. Freshly isolated HSC exhibited a star-shaped morphology and transformed into an activated state, as identified by a myofibroblast-like phenotype within 10 days of cell culture ([Fig 2J](#pone.0138655.g002){ref-type="fig"}). HSC populations exhibited proliferative activity under usual humidified culture conditions (37°C, 5% CO~2~). It has been previously shown that HSC change into an activated state during primary cell culture \[[@pone.0138655.ref039]\]. To date, no consensus has been reached about markers suitable for quiescent and activated rodent and human HSC \[[@pone.0138655.ref040], [@pone.0138655.ref041]\]. In the current study α-SMA was used, a well-known marker of activated HSC. The analysis of fluorescence images showed that cultured HSC developed α-SMA cytoskeleton structures, a finding underlining the identity of activated HSC ([Fig 2K](#pone.0138655.g002){ref-type="fig"}). Quantitative analysis showed a purity of 97.1±1.5% for α-SMA---positive cells ([Table 1](#pone.0138655.t001){ref-type="table"}). Furthermore, α-SMA protein expression was not detectable in PHH, KC and LSEC populations ([S2 Fig](#pone.0138655.s002){ref-type="supplementary-material"}). To validate the identity of HSC, gene expression of the HSC markers *VCL*, *DES* and *CYGB* was determined. Total RNA was extracted from cultured HSC approximately at day 10 after isolation and RT-qPCR was performed. HSC expressed high levels of *VCL* (18,660.9±3,158.9) and moderate levels of *DES* (363.7±155.0) and *CYGB* (333.8±48.8) ([Fig 2L](#pone.0138655.g002){ref-type="fig"}).

Because of their main characteristic of vitamin A storage, HSC can be identified by autofluorescence when excited with high-energy lasers \[[@pone.0138655.ref014], [@pone.0138655.ref042]\]. Because the activation of HSC is accompanied by the loss of vitamin A \[[@pone.0138655.ref043]\], HSC were used that had been cultured for only a few days. For the excitation settings, the UV laser was used at 405nm to detect autofluorescence signals of vitamin A. Moreover, the brightness reinforcement (BrightR) detection mode, an advantageous add-on of the Leica TCS SP8 microscope, was used to amplify dim structures and make them accessible. Imaging revealed various intensity levels of quickly fading autofluorescent retinoid droplets in the HSC population ([Fig 3D](#pone.0138655.g003){ref-type="fig"}). This phenomenon may indicate heterogeneity of isolated HSC population, as already been described \[[@pone.0138655.ref040], [@pone.0138655.ref044]\]. Furthermore cultured HSC were stained for CYGB and α-SMA to distinguish HSC from myofibroblasts as described elsewhere \[[@pone.0138655.ref045]\]. Imaging revealed high protein expression of CYGB in HSC. In addition, gene expression of functional cell markers was assessed in freshly isolated (uncultured) HSC and HSC cultured for 10 days (n = 6). The markers *ACTA2*, *COL1A1* and *LOXL2* were significantly induced after cultivation ([Fig 3D](#pone.0138655.g003){ref-type="fig"}).

Discussion {#sec023}
==========

For studying various aspects of liver function primary human liver cells, hepatocytes and NPC, must be of high quality. Diverse methods for isolating rodent and human liver cells have been described. However, most of these techniques focus on the preparation of a single cell type from liver tissues or biopsy specimens \[[@pone.0138655.ref023]--[@pone.0138655.ref026]\]. Here, we present a procedure for isolating primary hepatocytes, KC, LSEC, and HSC from a single human liver specimen, a procedure that results in cell populations with high purities and retained physiological functionality *in vitro*.

The choice of the digesting enzyme is important because the enzyme directly affects the viability, quality, and yield of isolated cells. Pronase and collagenase are frequently used to isolate HSC or KC \[[@pone.0138655.ref046]\]. For isolating a single cell type, pronase is used as a digesting enzyme because it provides selective destruction of hepatocytes \[[@pone.0138655.ref047]\] and thus directly enhances the cell quality of isolated NPC. However, Ikejima *et al*. \[[@pone.0138655.ref048]\] reported that pronase cleaves the CD14 receptor on KC, a receptor that is involved in the inflammatory response \[[@pone.0138655.ref049]\]. However, this phenomenon of cleaved CD14 was not observed after perfusion with collagenase. In our study, the human liver was dispersed by a two-step perfusion, based on the technique of Seglen, using Ca^2+^-free EGTA solution and Ca^2+^-containing collagenase IV solution \[[@pone.0138655.ref022]\]. In this procedure, the duration of collagenase perfusion is important and should not exceed 20 min. We and others have observed that over-digestion results in decreased cell viability and yield, whereas under-digestion prevents the separation of liver cells \[[@pone.0138655.ref050]\].

In the past, rodent and human NPC have been isolated with centrifugal elutriation methods \[[@pone.0138655.ref051]\] or with an iodixanol, Percoll, or Stractan density gradient \[[@pone.0138655.ref036], [@pone.0138655.ref047]\]. Because NPC are similar in density, the choice of the separation method is essential for high-quality cell preparations. Most recently, Pfeiffer *et al*. separated PHH from NPC fraction by low-speed centrifugation. NPC have been isolated as one fraction by a two-layer Percoll gradient (25% and 50%) centrifugation \[[@pone.0138655.ref027]\]. Afterwards, KC have been separated from LSEC and HSC by selective adherence to plastic. Furthermore, the authors have purified LSEC by CD31 MicroBeads and MACS. CD31^+^ LSEC have been seeded after elution from the MACS column. The CD31-depleted cell suspension contained HSC which have directly been seeded. Taken together, that approach resulted in similar cell yields, compared to the all-in-one cell preparation presented here. However, the limiting purities of KC (81.0±5.4%) and LSEC (81.0±1.7) populations underline the need of method improvements \[[@pone.0138655.ref027]\]. In contrast to the method used by Pfeiffer *et al*., we established a three-layer iodixanol density gradient to separate NPC. The advantage of this method is that KC and LSEC can be separated as one fraction from the HSC population. To date, there are limited surface markers suitable for separating HSC by MACS except for the stem/progenitor cell marker CD133, which can be used to isolate the CD133^+^ HSC subpopulation from rat and human liver tissue \[[@pone.0138655.ref052], [@pone.0138655.ref053]\]. A recently published method describes the isolation of an ultrapure HSC population by retinoic-based cell sorting of murine HSC \[[@pone.0138655.ref054]\]. To enhance the purity of the cells, commercially available magnetic beads specific for CD14 and CD146 were used to label KC and LSEC, respectively. The presented method provides cell yields comparable to those obtained by single and multiple cell type isolation methods. Cultured cells showed similar purities compared to single cell isolation techniques \[[@pone.0138655.ref055]--[@pone.0138655.ref057]\], whereas higher purities were obtained in comparison to methods describing simultaneous isolation of different liver cell types \[[@pone.0138655.ref027]\]. Here, purities of 95.5±1.7% PHH, 94.5±1.2% KC, 97.8±1.1% LSEC and 97.1±1.5% HSC could be reached, whereas the method described by Pfeiffer *et al*. revealed 92.3±3.2% PHH, 81.0±5.4% KC, 81.0±1.7% LSEC and 93.0±1.7% HSC determined by immunofluorescence staining of cell-specific antigens \[[@pone.0138655.ref027]\]. Furthermore, similar cell yields were observed in liver cell preparations from liver tissue with a different size of the starting material. This observation could be explained with variable perfusion efficiencies which depend on the availability of large vessels to place the cannula and a minimized cutting edge to allow an increase of pressure during perfusion. Therefore, tissue quality mainly depends on its previous location in the organ. In summary, it was demonstrated that PHH, cultured for short terms, and NPC retain their functional activity with an intact morphology *in vitro*, which means that these cells may be used in various experimental setups.

Our technique represents an adaptable tool with a wide range of additional perspectives. First, because stringent isolation of NPC is not necessary, hepatocytes alone can be prepared. CD133^+^ HSC have been isolated by labeling with MicroBeads and performing MACS after KC/LSEC has been removed by density gradient centrifugation \[[@pone.0138655.ref053]\]. Moreover, after PHH, KC, LSEC, and HSC have been separated; the CD14- and CD146-depleted cell suspension remaining at the end of the isolation procedure had been directly used or cryopreserved for the analysis of T cell or NK cell populations (unpublished data). Furthermore, isolated cells can be used for monoculture or co-culture experiments. In particular, Milosevic *et al*. and others used co-cultures of primary hepatocytes and KC, isolated from different rat livers, as a model to analyze xenobiotic metabolism and its pharmacological consequences \[[@pone.0138655.ref058]\]. When culture plate inserts with porous membranes (trans-well situation) are used, KC and hepatocytes can be kept spatially separated for investigating the initial role of KC and KC-derived soluble factors (exchanged via the medium) in hepatocyte toxicity. This approach is more similar to the *in vivo* situation than to direct cell-to-cell contacts.

Liver fibrosis is a consequence of chronic liver damage during the progression of chronic liver diseases. For instance, chronic viral hepatitis (hepatitis B and C), alcohol abuse, and nonalcoholic steatohepatitis (NASH) are the main causes of liver fibrosis and increase the risk of hepatocellular carcinoma \[[@pone.0138655.ref059]\]. Fibrosis is characterized by the continuous excessive production of ECM and collagen, which leads to permanent scarring and to organ malfunction that ultimately results in organ failure and death \[[@pone.0138655.ref060]\]. HSC have been identified as the main collagen-producing cell type in the liver \[[@pone.0138655.ref016]\]. Furthermore, KC and LSEC have been shown to have a substantial effect on the activation status of HSC \[[@pone.0138655.ref007], [@pone.0138655.ref061]\]. To date, the most effective therapy for hepatic fibrosis is the removal of the causative agent \[[@pone.0138655.ref062]\]. Additional studies are necessary to develop anti-fibrotic therapeutic agents for the robust prevention of fibrosis. Successful digestion of fibrotic liver tissue has already been described \[[@pone.0138655.ref063]\]. The all-in-one liver cell preparation presented here might also be used to investigate intercellular and molecular mechanisms of the fibrogenic process and therefore, might promote the development of effective therapeutic agents for patients with chronic liver damage.

In conclusion, we have developed an all-in-one technique for isolating primary human hepatocytes, KC, LSEC, and HSC from a single liver specimen. This technique results in cell populations of high purity with retained physiological activity *in vitro*. The preparation technique might be further adapted, thereby offering a wide range of additional perspectives. Isolated cells can be used as monocultures or co-cultures for investigations of the hepatotoxicity or pathophysiology of chronic liver diseases. The all-in-one liver cell preparation technique described here may provide a tool for investigating cellular and molecular mechanisms associated with liver function and disease *in vitro*.

Supporting Information {#sec024}
======================

###### Long-term culture of PHH.

PHH were isolated from liver tissue and seeded into collagen-I-coated culture plates using DMEM/Ham's F-12 supplemented with 10% FBS, 100U/ml penicillin, 0.1mg/ml streptomycin and 2mM L-glutamine. The medium was changed one day after seeding and then every second day. After two days of culture the medium was supplemented with DMSO (2%) and epidermal growth factor (25ng/ml). Cell morphology was exemplarily visualized by phase contrast microscopy using an EVOSTM XL Core Imaging System (AMG).

(TIF)

###### 

Click here for additional data file.

###### Cross-staining of cell type-specific markers in liver cell populations.

Primary hepatocytes, KC, LSEC and HSC were isolated from human liver tissue (n = 3). Cultured cell populations were immunofluorescently cross-stained for cell type---specific markers (A). Negative controls were performed by omitting the primary antibody (albumin) or using isotype controls (B). Nuclei were counterstained with DAPI (blue). Images were captured at 20× magnification using laser scanning microscope (LSM; Axiovert 100M; Zeiss, Jena, Germany). Scale bar, 50μm.

(PDF)

###### 

Click here for additional data file.

###### Dexamethasone-induced CYP3A4 gene induction in PHH.

Primary hepatocytes were isolated from human liver tissue (n = 3). One day post preparation PHH were stimulated with 25μM dexamethasone for 6-48h or ETOH for 48h (negative control). RNA was extracted and CYP3A4 gene expression was determined by RT-qPCR. Data represent mean of copy numbers (mean±SEM) normalized to the reference gene *ACTB*. Asterisks indicate significant results (\* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001).

(TIF)

###### 

Click here for additional data file.

###### Uptake of latex beads by KC and LSEC.

KC (A) and LSEC (B) were incubated with fluorescently labeled latex beads (1μm in size, green) for 6-24h. After incubation cells were fixed and stained for CD68 (KC marker, red) or CD146 (LSEC marker, red), respectively. Nuclei were stained with DAPI (blue). Images were taken at 40× magnification. For quantification of the uptake efficiency intensities of latex bead fluorescence was measured in at least 5 images per cell population (C).

(TIF)

###### 

Click here for additional data file.

###### Identification of CD146-positive LSEC by FACS.

LSEC were stained for CD146 expression and dead cells were excluded by the labelling with a viability dye. Flow cytometry was performed using the Navios flow cytometer (Beckman Coulter, Krefeld, Germany). Result analysis was performed using FlowJo (Treestar, Ashland, Oregon).

(TIF)

###### 

Click here for additional data file.

###### Uptake of AcLDL by KC and LSEC.

KC (A) and LSEC (B) were incubated with fluorescently labeled AcLDL (green) for 1h and 6h. After incubation cells were fixed and stained for CD68 (KC marker, red) or CD146 (LSEC marker, red), respectively. Nuclei were stained with DAPI (blue). Images were taken at 40× magnification. For quantification of the uptake efficiency intensities of AcLDL fluorescence was measured in at least 5 images per cell population (C).

(TIF)

###### 

Click here for additional data file.
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NPC

:   Non-parenchymal liver cells

KC

:   Kupffer cells

LSEC

:   Liver sinusoidal endothelial cells

HSC

:   Hepatic stellate cells

ECM

:   Extracellular matrix

PHH

:   Primary human hepatocytes

GBSS

:   Gey\'s balanced salt solution

MACS

:   Magnetic activated cell sorting

PBS

:   Phosphate buffered saline

α-SMA

:   α-smooth muscle actin

APOB

:   Apolipoprotein B

ASGR1

:   Asialoglycoprotein receptor 1

PECAM1

:   Platelet/endothelial cell adhesion molecule 1

VWF

:   Von Willebrand factor

LYVE-1

:   Lymphatic vessel endothelial hyaluronan receptor *1*

VCL

:   Vinculin

DES

:   Desmin

CYGB

:   Cytoglobin

COL1A1

:   Collagen type I alpha 1

LOXL2

:   Lysyl oxidase-like 2

SEM

:   Standard error of mean

AcLDL

:   Acetylated low-density lipoprotein
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